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The crystallization process of Co78Si9B13 and Fe78Si9B13 metallic glasses was stimulated by isochro-

nal annealing at various temperatures (573–823 K). By the DSC, X-ray diffraction, Hall and electrical 

resistivity measurements it was found that the crystallization proceeds through two main stages. At the 

first stage, α-Co and α-Fe phases are formed and at the second stage Co2B and Fe2B phases are crystal-

lized. During the crystallization, the ferromagnetic ordering of both alloys is still conserved. Fe78Si9B13 

alloy has a much wider range of structural stability. The activation energy determined from DSC meas-

urements and the total energy of the created phases obtained by quantum chemistry method confirmed the 

sequence and the type of the created phases. The creation of crystalline phases from the amorphous ma-

trix was related to a distinct decrease of the electrical and Hall resistivities and the spontaneous Hall 

coefficient. 
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1. Introduction 

Rapid solidification from liquid state leads to the formation of a metastable amor-

phous structure. Metallic glasses are obtained in this way and they evolve through 

changes of the chemical and topological short-range ordering (CSRO and TSRO) and 

then changes of medium range ordering (MRO) to a polycrystalline state [1, 2]. The 

initiation and the kinetics of the crystallization process depend on their anisotropic 

microstructure and fluctuations of defect density. The transformation of the amor-

phous to the crystalline state can occur by the following typical processes: polymor-

phous, eutectoid, primary and peritectoid crystallization [3]. The type of transforma-

tion depends mainly on the alloy composition. The investigation of phase transitions 

in metallic glasses is important from both scientific and application points of view. 

This paper concentrates on the analysis of the influence of composition on the struc-
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ture relaxation caused by isochronal annealing. For comparison, the most distinctive 

glasses from the Fe78–xCoxSi9B13 family, i.e. Co78Si9B13 and Fe78Si9B13 were chosen. 

The structural changes coincide with the changes of physical properties, and the latter 

ones are especially significant when a phase transition occurs. Standard methods have 

been applied to study the phase transitions, i.e. the DSC (differential scanning calo-

rimetry), X-ray diffraction, electrical resistivity as well as the investigation of the Hall 

effect. The combination of methods makes it possible to determine the order of phase 

transition and also the type scattering of charge carriers [4–6]. 

2. Experimental 

Ribbons of Co78Si9B13 and Fe78Si9B13 metallic glasses were prepared by the roller 

quenching method. DSC measurements were carried out using a STA-409 NETZSCH 

apparatus under an argon stream at heating rates of 5, 10, 15 and 20 K/min. Measure-

ments of the electrical and Hall resistivities and X-ray diffraction were done at room 

temperatures for the as-received as well as isochronally (4 h) annealed samples at 

various temperatures (573–823 K) in an inert argon atmosphere. The X-ray studies 

were performed using a DRON-2.0 diffractometer with MoKα radiation. The Hall 

voltage was measured by the constant current method at a constant magnetic field [7]. 

The electrical resistivity was also measured in the dc regime. The quantum 

-chemical calculations of the total energy of the created phases were done using 

a semi-empirical method of the HyperChem 6.0 program [8, 9]. 

3. Results and discussion 

The thermal stability and kinetics of non-isothermal crystallization of Co78Si9B13 

and Fe78Si9B13 metallic glasses were investigated by the DSC measurements. The 

measurements of the crystallization process were carried out for alloys at the heating 

rates of 5, 10, 15 and 20 K/min. 

Figures 1a and 2a show the DSC curves of both alloys taken at various heating 

rates. It is clearly seen that all the DSC curves display two exothermic peaks indicat-

ing that the transformation of the amorphous to the polycrystalline state proceeds 

through two main stages. The temperatures corresponding to both peaks of both alloys 

increase with the increase of the heating rate. In the case of Co78Si9B13, the exother-

mic peaks in DSC curves are widely separated, while those of Fe78Si9B13 are closely 

situated. The temperature for the first peak for Co78Si9B13 alloy is lower than that for 

the Fe78Si9B13 alloy. Based on the Kissinger equation, the activation energy Ea for 

crystallization of phases can be estimated as follows [10–12]: 
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where ν denotes the heating rate, Tp –  peak temperature and R is the gas constant. 

 

Fig. 1. Dependences for Co78Si9B13 metallic glass: a) DSC curves at various heating rates, b) relationship 

between ln(v/Tp
2 ) and 1/Tp for both stages of crystallization (• – first stage, × – second stage) 

 

Fig. 2. Dependences for Fe78Si9B13 metallic glass: a) DSC curves at various heating rates; b) relationship 

between ln(v/Tp
2 ) and 1/ Tp for both stages of crystallization (• – first stage, × – second stage) 

The plots of ln(ν/Tp

2 ) vs. 1/Tp for both alloys yield straight lines with the slopes  

equal to –Ea/R (Figs. 1b, 2b). 



E. JAKUBCZYK 1030 

The values of the activation energy for the first and the second stage of crystalliza-

tion for Co78Si9B13 and Fe78Si9B13 metallic glasses are given in Table 1. Thermal stimu-

lation of the crystallization process for the first stage of the crystallization requires 

higher activation energy for the Fe78Si9B13 alloy in comparison with Co78Si9B13. The 

other results presented in this paper confirm occurring of the structural changes in the 

Fe78Si9B13 metallic glass after annealing at higher temperatures. 

Table 1. The activation energies [kJ/mol] for the first (Ea1) and the second (Ea2) 

stage of crystallization for Co78Si9B13 and Fe78Si9B13 metallic glasses 

Co78Si9B13 Fe78Si9B13 

Ea1  Ea2  Ea1  Ea2  

241 472 341 410 

 

Figures 3 and 4 show the results of the measurement of the Hall resistivity ρH as 

a function of the external magnetic field B0 in the as-received samples and in the sam-

ples annealed isochronally at various temperatures. With the increase of the annealing 

temperature ρH decreases. For the Co78Si9B13 alloy the first decrease of the slope of the 

initial part of the dependence ρH = f (B0), as well as the decrease of the magnitude of the 

next part (slowly increasing) of this curve occurs for the samples annealed at 623 K. The 

next distinct steps are observed for the samples annealed at 673 K and 773 K. 

 

Fig. 3. The Hall resistivity ρH as a function of the applied magnetic induction B0 

for the samples of the Co78Si9B13 alloy annealed at various temperatures 
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Fig. 4. The Hall resistivity ρH as a function of the applied magnetic induction B0 

for the samples of the Fe78Si9B13 alloy annealed at various temperatures 

For the Fe78Si9B13 alloy the abrupt decrease of curves ρH = f(B0) occurs for the 

samples annealed at 723 K and 773 K. The investigated alloys are the ferromagnetic 

materials and therefore the Hall resistivity is [4–6, 13]: 

 ρH = R0B0 + μ0RSM   (2) 

where R0 and Rs are the ordinary and spontaneous Hall coefficients, respectively, and 

M is the magnetization of the sample. Each curve from Figs. 3 and 4 is typical of fer-

romagnetic substances. This demonstrates that during the crystallization process the 

macroscopic ferromagnetic ordering of both alloys is conserved. The first term of 

Eq. (2) is the ordinary Hall resistivity (ρH0
 ∝ B0). It is related to the Lorentz force acting on 

the current carriers and corresponds to the slowly growing part of the ρH = f(B0) curve 

above the magnetization saturation. The second term is the spontaneous Hall effect 

(ρHs ∝ M) and is represented by the initial part of the ρH = f(B0) curve. The ρHs
 is con-

nected with a ferromagnetic state and determined by the following mechanisms: spin-

orbit interaction, skew scattering and side jump [4, 5]. These mechanisms decrease 

the mean free path of carriers. For the initial part of the ρH = f(B0) curves the sponta-

neous Hall coefficient Rs was calculated using the linear regression 
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Fig. 5. The spontaneous Hall coefficient R
s
, as a function of  annealing 

temperature T for the samples Co78Si9B13 and Fe78Si9B13 alloys 

 

Fig. 6. The relative electrical resistivity Δρ /ρ0 as a function of annealing 

 temperature T for the samples of Co78Si9B13 and Fe78Si9B13 alloys 
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Figure 5 presents the dependence of Rs on the annealing temperature T for both al-

loys. Figure 6 shows relative changes of the electrical resistivity ρ (related to the re-

sistivity of the as-received state ρ0 ) vs. the annealing temperature. For the Fe78Si9B13 

alloy, an increase of Δρ⁄ρ0 value in the initial step of annealing is observed, connected 

with the structural changes of TSRO type. The decrease of the electrical resistivity 

during the crystallization is due to the increase of the free path of the carriers in or-

dered structure in medium and long range. 

According to Berger and Bergmann, the spontaneous Hall coefficient Rs is de-

scribed by the dependence [4–6]: 

 Rs = aρ + bρ2

  (3) 

where a and b are constants roughly independent of temperature and ρ is the resistivity. 

The first term of Eq. (3) is responsible for the classical asymmetric scattering of 

charge carriers and the second term describes the quantum effect and corresponds to 

the lateral displacement of the charge carrier trajectory at the point of scattering, i.e. 

the side jump. The dependence of lgRs on lgρ gives the exponent n in the relation  

Rs ∝ ρn and through its value it can be concluded which type of scattering is dominant 

for the spontaneous Hall effect. Figure 7 shows these dependences for both alloys. 

The calculated exponents n for Co78Si9B13 and Fe78Si9B13 are 1.58 and 1.91, respec-

tively. The values n indicate that during the crystallization process the charge carriers 

are mainly scattered by nonclassical mechanism, i.e. side jump. 

 

Fig. 7. The dependence of lgRs on lgρ for Co78Si9B13 and Fe78Si9B13 

alloys annealed at various temperatures 

To analyse the structural changes and identify the crystalline phases formed from 

the amorphous matrix, the X-ray diffraction investigations for the as-received as well 

as annealed samples were performed (Fig. 8.). The results prove that the first stage of 

the crystallization begins after the annealing of the samples at 648 K and 723 K for 

the Co78Si9B13 and Fe78Si9B13 alloys, respectively. A qualitative analysis proves that 

they are the α-Co and α-Fe phases [14]. After annealing at 773 K, the phases Co2B 
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and Fe2B are created. It is possible that the metallic phases include a certain amount 

of Si [15–17]. 

 

Fig. 8. X-ray diffraction patterns for the samples of alloys: a) Co78Si9B13 and b) Fe78Si9B13 

The first stage of crystallization of both alloys occurs as a result of the primary 

crystallization and the second one as a result of the polymorphous crystallization. The 

structural changes appear in the measurements of the electrical and Hall resistivities 

after annealing at temperatures lower than in X-ray diffraction and DSC studies. It 

demonstrates that the methods involving the electronic transport are more sensitive to 

structural changes. 

To verify the sequence of the created phases determined by the X-ray diffraction, 

quantum chemical calculations of the total energy of the model clusters were carried 

out. The value of the total energy of α-Co clusters (–22 8327.7 kcal/mol) is lower than 

that of Co2B clusters (–16 1397 kcal/mol). The obtained energies for  

α-Fe (–16 3806 kcal/mol) and Fe2B (–11 9125.9 kcal/mol) are in an analogous rela-
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tion. These results prove that in both alloys the metallic phases crystallize first from 

the amorphous matrix during the annealing because they require less energy in com-

parison with borides which crystallize at higher temperatures. 

The differences between the calculated values of the energy of metallic and boride 

phases are 66 930.7 kcal/mol and 44 680.1 kcal/mol for Co78Si9B13 and Fe78Si9B13, 

respectively. The difference between the temperature of crystallization of metallic and 

boride phases in the alloy with Co is higher than that of the alloy with Fe and it con-

firms the results of the DSC measurements. 

4. Conclusions 

The crystallization processes of Co78Si9B13 and Fe78Si9B13 metallic glasses proceed 

in two stages. At the first stage, α-Co and α-Fe phases crystallize and at the second 

one, Co2B and Fe2B phases are formed during annealing. The most sensitive method 

of examination of structural changes is the Hall effect. With this method, the follow-

ing temperatures of the phase transitions of the first order for the first and the second 

stage were found: 

• first stage 

623 K for M = Co

78 9 13
723 K for M = Fe

M Si B α-M amorphous⎯⎯⎯⎯⎯⎯→ +   

• second stage 

773 K

2
amorphous M B⎯⎯⎯→  

The Fe78Si9B13 alloy has a wider thermal range of structural stability.  

The substitution of Co with Fe drastically increases the Hall resistivity in the as-

received state and it is connected with the increase of scattering of charge carriers by 

Fe atoms. During the crystallization process, the ferromagnetic order of both alloys is 

conserved. The dominant type of scattering of charge carriers is the side jump effect. 

The Hall and electrical resistivities decrease abruptly after the crystallization of 

a suitable phase. The activation energy for both stages of crystallization as well as the 

total energy for clusters of created phases obtained from DSC measurements and 

quantum chemistry method prove that at the first stage the metallic phases are created 

and at the second one the metal borides are formed. 
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